Emotion recognition represents the ability to encode an ensemble of sensory stimuli providing information about the emotional state of another individual. This ability is not unique to
| INTRODUCTION
What can we learn from a face? About 100 milliseconds [1] [2] [3] are sufficient to identify and to decode gender, age and a number of social cues, which inform us about the emotional states of other individuals and which guide the way we interact.
Emotion recognition represents a crucial aspect of social cognition, which for a long time has been predominantly attributed to species displaying complex facial expressions, such as human and nonhuman primates. [4] [5] [6] [7] However, it is credible that this ability, conveying information about threats or dangers, and mediating affiliative behaviors and general social interactions, might also be present in other social animals. 8 In this review, we will attempt to identify and understand common aspects of emotion expression and perception among animals.
We provide a comparative perspective of the approaches used to study human and other animal emotion recognition ability, describing the experimental designs used to understand how emotions are communicated in animals and recent advances in behavioral tests involving the processing of others' emotions. The aim is to provide a critical overview of emotion recognition abilities across species and to favor new translational approaches to ultimately dissect the neural mechanisms underlying social cognition.
| EMOTION RECOGNITION IN HUMANS
Social cognition refers to the ability to perceive, process and interpret social information. In humans, this ability is mainly, but not exclusively, achieved by the understanding of nonverbal facial expression of emotions in others. This involves perceptual processing, which identifies geometric configurations of facial expressions, and the recognition of the emotional value of a stimulus.
Relevantly, deficits in this cognitive domain are early and distinctive features of several psychiatric disorders. [10] [11] [12] For example, abnormalities in social cue identification are the defining characteristics of autism spectrum disorder, are evident in schizophrenia, and can be observed as a consequence of brain lesions and neurodegenerative diseases. [13] [14] [15] [16] [17] [18] Importantly, effective treatments for deficits in social cognitive aspects are still missing.
Emotion recognition tasks are the most extensively used paradigms to assess human social cognition. 14, 15 These tests evaluate the ability of subjects to identify emotions depicted on static photographs or dynamic reproductions of different facial expressions. One of the most validated set of expressions is the "Ekman's Faces," which depicts the faces of actors displaying the six basic emotions (disgust, anger, fear, surprise, sadness and happiness [19] [20] [21] ). To provide graded levels of difficulty and address diverse severity levels of potential deficits, emotions are presented in a range of intensity and in a combination of different experimental designs. 10, 15, [22] [23] [24] [25] [26] Relevantly, most of our knowledge on the neural substrates of emotion recognition derives from the use of similar tests in patients with brain lesions and from functional neuroimaging studies in healthy subjects and patients. 9, 17, 27 Despite some level of heterogeneity, mostly due to methodological factors, these studies indicate that the ability to recognize socially relevant information does not depend on restricted localized neuronal ensemble, but requires a network of neural systems which process the perception of social signals, and connect this information with brain areas devoted to motivation, emotion and adaptive behaviors. [28] [29] [30] [31] [32] Functional models of facial expression processing propose that the brain structures involved in face identification are anatomically separated from those involved in recognizing emotional expressions. [33] [34] [35] Codifying identities involve the participation of areas implicated in the perception of static facial features, as the fusiform face area in the ventral temporal lobes. 32, [36] [37] [38] [39] [40] Processing of dynamic facial cues, as emotional expressions, requires regions as the inferior occipital gyrus and the superior temporal sulcus (STS 9, 34, 41 ).
Different lines of research support the idea that there might be some level of functional overlap and that these regions could cooperate in the representation of different facial aspects (for a review see 42 ).
The way salient visual cues, with affective and motivational significance, are integrated at the level of brain circuits has been matter of investigation and debate in the last decades. One of the most established hypotheses implicates the amygdala as a rapid cortexindependent system, not mediated by conscious awareness. [43] [44] [45] [46] [47] Emotional stimuli, via the amygdala's influence on cortical sensory processing, would modulate attention and perception, particularly in dangerous situations. [48] [49] [50] Views challenging this hypothesis suggest that visual information might proceed by a similarly fast processing, simultaneously along parallel channels, which engage multiple brain sites, including the amygdala, orbital frontal cortices, anterior insula and anterior cingulate cortex, among others. 51, 52 Discussing the contribution of these and other brain regions implicated in the diverse aspects of emotion recognition is complex and beyond the scope of this review, but this topic has been the focus of previous outstanding reviews. Nevertheless, the amygdala represents the main area on which most of emotional research converges. 49, [56] [57] [58] [59] Contrary to the traditional view, which identifies to this region a role in the processing of threat and fear-specific stimuli, [59] [60] [61] [62] [63] [64] [65] [66] 
| EMOTION RECOGNITION IN NONHUMAN ANIMALS
The ability to express and perceive emotions is crucial not just for humans. As a way to share experiences and communicate intentions, 8, 80, 81 it allows to better adapt to environmental challenges increasing survival chances. 82 Emotion recognition ability is shared by a number of social species including nonhuman primates, horses, dogs and sheep. [83] [84] [85] [86] In rodents, despite the growing interest in emotional research, this ability has not been directly assessed.
Communication of emotions strongly depends on the species. 87 Accordingly, the ability to perceive emotions has been investigated with species-specific behavioral settings, which we describe in the following sections. 
| Nonhuman Primates

| Horses, sheep and dogs
The ability to perceive emotional information from facial expressions was initially attributed exclusively to species with sophisticated orofacial motor systems such as humans and nonhumans primates. show heterospecific emotion recognition abilities. In particular, they can all discriminate emotions in subjects of another species, suggesting that this social cognitive ability evolved not just to directly guarantee survival through intragroup interactions, but also to sustain proper evolutionary interspecies interactions.
| Rodents
Understanding how rodents interact, and which are the key components that regulate their sociability is a central question in neuroscience. Indeed, rodents are currently the most widely used laboratory animal species with preferential access to numerous advanced technologies (e.g. clustered regularly interspaced short palindromic repeats (CRISPR), flox-and cre-lines, opto-and chemo-genetics) to investigate with genetic-, cell-and circuit-level specificity the mechanisms underlying complex behaviors.
Most rodents are social animals, living substantial parts of their lives in groups of variable size and displaying a rich repertoire of social behaviors. Similar to humans and to the other animal species described above, rodents have been recently shown to be able to perceive and react to the emotional state of conspecifics, 123, [139] [140] [141] [142] [143] [144] [145] [146] [147] and in some cases, to produce complex pro-social behaviors possibly related to empathy. 122, 148, 149 However, research on rodent emotion recognition in settings similar to the ones described above is still underdeveloped. In the next sections, we will discuss a number of different behavioral paradigms that, in different ways, imply recognition of expression of emotions in rodents.
| Rats
One of the first evidence that rodents could recognize and react to the emotional state of a conspecific comes from an experiment showing that rats, trained in a lever-press task to receive food, suspended this reward-motivated behavior when the lever-press action was associated with an electric shock delivered to a conspecific, visible from across a barrier. 142 The psychological process at the base of this behavior was later defined as emotional contagion and refers to the ability of a subject to match its emotional state to the one of a conspecific in pain or distress. by emotion contagion were not directly implicated. 124, 144, 155, 156 In particular, the exposure of an observer rat to a cage-mate demonstrator, which experienced a fear-conditioning protocol immediately before, induced increased social approach and allogroming toward the stressed rats, indicative of affective response. 144 Using a similar approach in unfamiliar conspecific, Rogers-Carter et al. 124 reported that the choice to approach or avoid a recently shocked demonstrator was dependent on its age, as stressed juvenile rats induced increased social exploration, while adults induced the opposite effect.
In recent years, a number of paradigms have been developed based on the evidence that emotions, fear in particular, can be used by rodents as a way to transmit information with an adaptive value. 103, 123, 144, [157] [158] [159] [160] In rats, social interaction and information exchange with a previously conditioned cage-mate, was shown to increase fear responses of the observer in a subsequent-conditioning paradigm 144 and to induce fear in relation to a tone cue predictive of distress in others but otherwise benign. 157 Relevantly, the 'fear conditioning by-proxy' protocol, 157 
| Prairie voles
The prairie vole (Microtus ochrogaster) is a rodent species characterized by high sociability and monogamous behavior. 168, 169 Prairie vole ability to perceive the emotional state of conspecifics was recently highlighted in a study, which, for the first time, described consolation behavior in rodents. 122 Consolation, previously studied in humans, nonhuman primates, elephants and canines, 88, 170 is defined as an increase in affiliative behavior directed toward a distressed individual.
In particular, prairie voles exhibited increased allogrooming (licking and grooming behavior) toward a cage-mate, which was separately exposed to a fear-conditioning protocol. Consolation behavior did not require the pre-exposure of the observer to the shock experience, but was shown to strongly depend on familiarity between individuals. This work has also highlighted oxytocin signaling pathways as common neuronal substrates of consolation in prairie voles, 122 183 an observer mouse was exposed to a conspecific in pain, after the injection of abdominal acetic acid. Witnessing the pain of another was sufficient to increase the individual response to the same experience. Relevantly, modulation of pain sensitivity, later confirmed by other studies, [184] [185] [186] was found to be regulated by the degree of relatedness between the interacting individuals. 183, 186 Emotional contagion of fear has also been shown to occur in mice, 123, 143, 187, 188 and to be dependent on several aspects such as genetic background, 141 familiarity, 123, 143 social context and status 159, 189 and on previous experience of the shock by the observer. 188 Mice are able to learn by observing others' emotions (fear) in a variety of conditions: fear association to a cue can be learned by observing a conspecific experiencing classical fear conditioning. 123, 141, 190 Similarly, in socially learned predator recognition, previously described in primates, 153, 191 birds and fishes, 192, 193 Kavaliers et al. 194, 195 found that observer mice, exposed to a demonstrator attacked by biting flies, are able to learn self-burying avoidance responses by simple observation. Thus, similar to other animals, mice seem to be able to recognize altered emotional states in conspecifics and to use socially transmitted information in an adaptive way. 124, 157 ), has the potential to add depth to mouse social cognition studies, highlighting possible underestimated social behaviors, and favoring personality/genetic traits. An important lesson to be considered from previous studies on nonsocial cognitive functions is that behavioral paradigms in rats cannot be always equivalently translated to mice. Thus, behavioral tests should be developed considering the different ethological characteristics of these two rodent species.
| EMOTION RECOGNITION SENSORY CHANNELS
Based on human characteristics, research on emotion recognition has primarily focused on visual parameters. Using similar tests across social species allows the investigation of the evolutionary roots of a specific function and its neuronal substrates. In highly social species strongly relying on visual cues, such as primates, horses, sheep and dogs, emotion recognition ability involves the integration of multimodal signals, 83, 198, 199 with vision playing the primary role. More challenging is to understand how emotional states are communicated and perceived in rodents, which are nocturnal animals and evolutionarily might rely less on visual cues and more on other sensory systems. In the next sections, we discuss the relevance of different sensory modalities in emotion processing.
| Vision
Detection of visual cues can drive very fast adaptive behavioral responses. In humans and primates, visual cues represent the primary modality to recognize others' emotions, which has fostered the development of the great variety of facial expressions. 84, 200 In rodents, vision mediates a number of behavioral responses linked to emotion perception, such as defense behavior 201 and threat avoidance. 194, 202 Similarly, emotion contagion has been show to depend on visual cues. 183 However, the visual signals conveying emotional information are scarcely explored. A small number of studies have described facial expression in mice and rats, mostly as indicators of animal welfare or reward processing. [203] [204] [205] [206] [207] Whether these expressions are perceived as relevant cues by conspecifics has not been determined yet. Similarly, information is poor about the perception of conspecific body postures, which in rodents are largely used to communicate states or intention during a social encounter (such as pain, pleasure, playful attitudes or dominant/submissive intentions).
A recent study employed machine-learning software to capture and categorize mouse posture modules in 3D imaging of mice behaving in a variety of experimental contexts. The work showed body language modules that are not detectable by human eye. 208 The use of similar systematic approaches will be highly relevant to describe how rodents might express emotions, and whether these signals are perceived and used by conspecifics.
| Olfaction
As one of the oldest sensory modalities, olfaction occupies a unique position in emotion communication. In neuroanatomical terms, odor information has a direct connection to brain areas (such as the amygdala, the hippocampus and orbitofrontal cortex among others) strongly associated with emotion processing and survival responses, both in humans and other animals. [209] [210] [211] [212] [213] In human emotion recognition tasks, odors have been identified as critical factors modulating the perception and coding of facial expressions. Anxiety-or fearrelated chemosignals have been shown to improve the perception of related expressions and interfere with the perception of opposite expressions. [214] [215] [216] In rodents, investigating the causal contribution of olfactory cues in emotion communication presents some technical challenges. Paradigms using invasive approaches, such as lesions or chemical nasal administration (such as zinc sulfate, 217 ), might not be appropriate for sophisticated behavioral analysis as they have profound physical side effects.
Studies on olfactory cues mainly focused on the observation of the autonomic or behavioral responses induced by the exposure to the odor of conspecifics in a negative emotional state. 218, 219 For example, rats trained in a lever-press paradigm have been shown to suspend an ongoing response when air from the cage of stressed conspecifics was introduced into the test chamber. The odor of unstressed rats, instead, produced no behavioral change, indicating that rats can distinguish conspecific odors on the base of their emotional valence. 220 Similarly, a number of evidence suggests that mice react to the odors of conspecifics in altered emotional states: mice avoid an alley filled with the odor of a stressed mouse, 221 while showing interest for a new neutral odor. 222 Notably, behavioral responses toward odors of stressed conspecifics appear to be influenced by social and environmental factors: mice individually exposed to the odor of a stressed mouse, in a tube, show avoidance, but, conversely, show complex responses (such as increased arousal, sampling of the surrounding air and rearing) when housed with peers in their home cage. 223 
| Hearing
Modulation of facial expressions perception by auditory cues has been observed both at behavioral and cerebral level in human and nonhuman primates. 198, 224 In particular, neuronal responses in the amygdala have been shown to integrate crossmodal sensory cues during emotion perception. 224 Rodents are able to communicate using distinct types of sound signals, the majority of which are not audible to humans as they are emitted in the ultrasonic range (USVs). While in both rat and mice USVs happen particularly in the presence of conspecifics, [225] [226] [227] [228] [229] evidence in the literature suggests that this mode of communication could be more relevant for signaling emotional changes for rats than for mice. The study of the behavioral responses of receiver conspecifics to specific USV frequencies is important to understand how emotional information is conveyed by these signals. The emission of 22-kHz frequencies, associated with negative states and various aversive situations [230] [231] [232] has been shown to produce reduced locomotion and cessation of social activities in receiver rats even if the receiver was separate from the sender and the signal was played back. 245 showed that a sudden change in the auditory environment, such as the lack of sound associated with freezing, is sufficient to trigger freezing in an observer rat previously exposed to the same fear experience. On a similar note, possibly related to both acoustic and tactile sensory channels, another study in rats 247 found that the sniffing rate during a social encounter correlates with dominance status: in particular, a decrease in respiratory frequency, separated by olfaction, is one of the signals subordinate rats use to reduce chances of aggression from dominant rats.
Sniffing could then be used as a signal to communicate states or intentions, 246, 247 and be part, together with whisking, head movements and USV emission, of a facial system used to express emotions.
| CONCLUSIONS AND PERSPECTIVES
The evidence reported in this review supports the notion that emotion recognition abilities are largely conserved among different mammals and represents a critical aspect of social cognition.
Despite the diversity in the modalities to express and/or perceive emotions, humans and other animals seem to share many homologies in their responses to other's emotions. Some of these responses, such as emotion contagion, can be similarly observed in all the species we described, from humans to mice. 122, 123, 139, 154, 184, 191, 248, 249 Similarly, the ability to perceive and use salient information from conspecifics emotional states is shared from primates to rodents. 249 In particular, the strength of both emotion contagion and observational learning is enhanced by social factors such as familiarity and relatedness 123, 159, 161, 183 indicating that information communicated by familiar individuals might be evaluated more efficiently.
Studies of emotion contagion in rodents imply the perception of other's emotional states. However, these processes appear to be mediated by rapid automatic responses, so their study might not be that informative in understanding social cognitive components controlled by conscious processing. Meanwhile, more complex social cognitive functions, such as social transmission of information, consolation and helping behavior, recently highlighted in rodents, indicate the existence of emotion recognition abilities, but are focused on the adaptive use of such information, and are fundamentally based on negative-valenced emotional states (fear or stress).
We believe that a converging approach, which takes into account the knowledge acquired by different ethological and biological fields in different animals, as well as a combined and parallel effort from clinical studies and preclinical research in rodents will be successful.
Moreover, a categorical approach to study the sensory modalities used by rodents to communicate emotions might offer a broader spectrum of action in the description of the emotion-processing dysfunctions possibly associated with neuropsychiatric disorders.
Recent studies, mostly in rats, started to elucidate brain structures and circuits implicated in emotion-based behavioral protocols,, 121, 123, 124, 126, 163 confirming some overlapping substrate across species, particularly the amygdala, insula and anterior cingulate cortex. However, the brain circuits involved in emotion recognition are still unexplored.
Finally, genetic factors have been strongly implicated in social cognition deficits associated with several psychiatric conditions. [250] [251] [252] [253] [254] Similarly, recent evidence indicates that genetic factors might modulate emotion-processing behaviors in mice as well (eg, see 184, 190, [255] [256] [257] ).
Thus, a better understanding of the contribution of genetic factors to emotion recognition abilities could also facilitate the identifica- 
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